Determine whether obstructive sleep apnea (OSA) subjects show indications of axonal injury.
OBSTRUCTIVE SLEEP APNEA (OSA) IS ACCOMPANIED BY AFFECTIVE, COGNITIVE, AND AUTONOMIC NERVOUS SYSTEM CHANGES [1] [2] [3] [4] THAT SUGGEST CENTRAL nervous systems alterations in brain regions mediating these behaviors. Retention of cognitive and mood problems, despite treatment, 5-7 as well as sustained elevated sympathetic outflow 8 and impaired autonomic responses to transient challenges [9] [10] [11] indicate that disturbed neural functions account for at least some of the characteristics accompanying OSA. Altered neural function is found in response to a number of cognitive, respiratory and autonomic challenges using functional magnetic resonance imaging (fMRI). 7, [9] [10] [11] [12] [13] The functional alterations of the brain in OSA likely result, at least in part, from injury to neural structures, but the nature of such injury is not fully understood.
Cerebral damage is not obvious on routine magnetic resonance imaging (MRI) examination in OSA subjects, 14 but more sensitive anatomical MRI techniques reveal structural changes in brain regions that also show functional alterations, including areas which regulate memory and planning functions and affect (e.g., anterior cingulate, hippocampus, and frontal cortical regions), and in areas underlying regulation of autonomic outflow (e.g., anterior cingulate, cerebellar, and brainstem areas). [15] [16] [17] [18] [19] [20] Magnetic resonance spectroscopy studies of isolated brain regions (i.e., manually selected voxels) consistently show signs of reduced neuronal density or altered metabolism in OSA groups, but these studies are limited in the brain structures studied (hippocampus, parietal-occipital white matter and cortex), and are constrained by the poor spatial resolution of the technique. [17] [18] [19] [20] Regional gray matter volume, which decreases with atrophy and cell death, can be evaluated with high-resolution anatomical images across the whole brain; we earlier showed a number of brain areas with lower volume, including many overlapping functionally-affected regions. 15 However, these findings were subsequently replicated only partially 16 or not at all, 21 likely a consequence of differences in analysis methodology (including higher statistical thresholds) and of subject variation. 22 Human studies of brain structure to date offer some evidence of injury or atrophy, but do not fully explain the extent of central nervous system functional changes found in OSA.
A portion of the impaired autonomic, cognitive, or emotional functions in OSA may develop from alterations to projecting fibers between affected structures. The fiber changes may develop as a consequence of cellular damage, resulting from ischemic, hypoxic, or inflammatory processes accompanying the sleep disordered breathing. Attempts to mimic OSA characteristics in animal models, such as imposition of repeated intermittent hypoxia, result in neuronal injury in brain regions similar to those areas affected in the human syndrome, as well as damage to axons within both white matter tracts and nerve fibers within the gray matter. [23] [24] [25] [26] In OSA subjects, discrete brain regions (hippocampus, parietal white matter) show alterations in metabolite levels indicative of axonal loss or injury. 18, 20 Axonal changes are not necessarily as extreme as the cell death or shrinkage associated with atrophy, since axons may undergo diameter reduction and lose much of their myelin sheath without axonal death, an effect found in animal models of intermittent hypoxia. 24, 27 Such axonal alterations, if present, would interfere with communication between brain structures, and thus modify function of those structures.
Newer MRI modalities allow more accurate examination of fiber integrity. Diffusion tensor imaging (DTI) is sensitive to the microstructure of brain tissue 28 ; various indices can be derived from DTI data, including fractional anisotropy (FA), which is sensitive to the number, coherence, and degree of myelination of fibers. 29 Whole-brain voxel-based analysis of FA, akin to voxel-based morphometry used in gray matter volume studies, can highlight axonal changes both in major fiber tracts and in other parallel groups of axons bordering the tracts or extending into cellular areas. 30 The voxel-based approach is suitable for detecting regions of consistent difference between groups, and could locate brain areas that are affected within an OSA group relative to a control population.
We hypothesized that OSA is accompanied by significant alterations in axons, and that these changes will be reflected as significantly lower FA in a group of OSA patients relative to control subjects, as assessed with voxel-based analyses. We expected structural changes in white matter tracts linking brain areas that show functional changes, in particular limbic areas (especially, the hippocampus, insula and anterior cingulate), the cerebellum, and cognitive areas in the frontal cortex. To address the small size and possible heterogeneity of samples in earlier studies, we aimed to study a larger set of subjects with more clearly-defined inclusion and exclusion criteria, and minimize confounding factors that could affect neuronal alterations.
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METHODS

Subjects
Our target sample was a minimum of 83 subjects with at least 40 per group, as determined by a power analysis. 31 We assumed a large effect size (Cohen's f of 0.4), and aimed to control for an error probability (α) of 0.05 and a false negative rate (β) of 0.1 (i.e., power of 0.9), based on a 2-group ANOVA with one covariate (age). We targeted moderate and severe OSA patients (apneahypopnea index [AHI] ≥ 15), and the OSA and control groups were approximately matched by age and sex distributions. Control and OSA subjects were recruited simultaneously until at least 40 OSA subjects had completed the study (and met inclusion criteria), after which additional control subjects were recruited to attempt to ensure the groups were matched for age and sex; we used more than the minimum number of control subjects to improve statistical power.
Obstructive sleep apnea subjects were recruited through the UCLA Sleep Disorders Laboratory, and control subjects through flyers in the university medical center. No subjects showed a history of major mental disorder, brain injury or illness, cerebrovascular disease, or major cardiovascular disorder (e.g., stroke, heart failure, myocardial infarction). All subjects were free of moodaltering or cardiovascular medications. Subjects with visible brain pathology (e.g., benign cyst, evidence of traumatic brain injury) were excluded. Exclusion criteria related to scanner limitations for all subjects also included weight > 125 kg, claustrophobia, and upper body metallic implants or devices.
All OSA patients underwent an overnight polysomnography study at the UCLA Sleep Disorders Laboratory, and were scored and classified according to standard criteria by Laboratory personnel. 32 Patients included in the study were diagnosed as having moderate-to-severe OSA (AHI of 15 to 101; see Table 1 ). All patients were untreated for OSA, i.e., most were recently diagnosed, and none had experienced continuous positive airway pressure (CPAP) or other intervention.
Table 1
Characteristics of OSA and Control Subjects Control subjects were assessed by an interview with the subject and cosleeper, when available, to ensure absence of sleep disordered breathing. Four subjects initially enrolled as controls who showed signs of potential OSA were studied using overnight polysomnography; one subject was reassigned to the OSA group, two subjects were confirmed as controls (AHI < 5), and one subject was diagnosed with mild OSA and excluded (the final numbers of subjects are in Table  1 ). Two control subjects who showed signs of respiratory disturbance during scanning, namely periodic breathing, were also excluded.
Participants provided written consent, and the study was approved by the Institutional Review Board at UCLA.
Sleep Questionnaires
To further characterize the sample, we assessed factors associated with OSA, namely daytime sleepiness with the Epworth Sleepiness Scale (ESS) and sleep quality with the Pittsburg Sleep Quality Index (PSQI). These self-administered questionnaires were completed by subjects after the MRI scanning protocol. Both measures are commonly used indices of sleepiness and sleep quality.
33
MRI Protocol
Using a 3.0-Tesla MRI scanner (Siemens Trio with 8-channel head coil), four whole-brain DTI series were acquired. Diffusion tensor imaging was performed using a single-shot multi-section spin-echo echo-planar pulse sequence (repetition time ) images. An acceleration factor of two was applied using the parallel imaging generalized-autocalibrating-partially-parallelacquisition technique. To enable correction for field-related distortions, we collected phasedifference and magnitude images (1 st TE = 4.98 ms, 2 nd TE = 7.44 ms; TR = 880 ms; flip angle = 90°; matrix size = 64 × 64; FOV = 192 × 192 mm; slice thickness = 3.0 mm; number of slices = 36). High-resolution three-dimensional T1-weighted anatomical scans were also collected using a magnetization-prepared-rapid-acquisition-gradient-echo pulse sequence (TR = 2200 ms; TE = 2.2 ms; inversion time = 900 ms; flip angle = 9°; matrix size = 256 × 256; FOV = 230 × 230 mm; slice thickness = 1.0 mm; number of slices = 176) for evaluation of any anatomical defects. Scans were visually verified as free from significant movement or other artifact at the time of scanning; if problems were identified, scans were repeated. The data were processed using SPM5 (www.fil.ion.ucl.ac.uk/spm/) and custom routines in Matlab (The MathWorks Inc., MA).
Analysis
The three later series were realigned to the first series' b0 image using the non-diffusion weighted (b0) images; the direction vectors of the realigned diffusion-weighted images were rotated accordingly. Phase distortions due to magnetic field inhomogeneities were corrected using fieldmaps calculated from the phase-difference and magnitude images, with software from the SPM5 "Fieldmap" toolbox. 34 The diffusion tensor, a numerical representation of the directional diffusion properties, was calculated at each voxel using a linear regression model, with an additional constant term for each direction to allow for direction-depending global signal intensity variations. 35 Fractional anisotropy (FA), a measure of fiber integrity, 29, 36 was derived from the tensor at each voxel, resulting in a whole brain FA "map." The spatial normalization of the mean of the four b0 images to the Montreal Neurological Institute (MNI) T2-weighted template was used to spatially normalize the FA maps, using the unified bias correction, tissue segmentation and spatial normalization procedure included with the SPM5 software. 37 The spatial normalization consisted of a 12-parameter affine transformation followed by a nonlinear warping defined by 7 × 8 × 7 cosine basis functions (x, y, z directions). The normalized FA maps were smoothed (full-width-half-maximum = 10 mm). The choice of smoothing kernel can exert a significant effect upon the results; 38 we considered 10 mm to be sufficiently large to account for variance in the anatomy of the spatially normalized images, and sufficiently small to highlight expected differences in fiber. Smoothed FA maps were compared using voxel-based statistics for differences between OSA and control groups using ANCOVA, with age as a covariate (threshold P < 0.05, corrected for multiple comparisons using false discovery rate). Clusters of significant FA differences were overlaid onto a spatially normalized T1-weighted anatomical image, the MNI reference brain.
Selected clusters were overlaid onto a background indicating fiber direction. The principal direction of diffusion can be visualized by combining the x, y, and z components of the first eigenvector of a diffusion tensor as red, green, and blue components of a true color image, scaled by FA. 39 To reorient the tensor directions into the template space, the preservation of principal directions method was used, 40 and each of the x, y, and z components were averaged over all subjects, highlighting locations of major fiber tracts.
Subject characteristics were compared between groups using independent t-tests for continuous variables and Chi-square tests for categorical variables.
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RESULTS
Subjects
A total of 41 OSA patients and 69 control subjects participated (see Table 1 ). The groups were matched by age, but there was a significant difference between the OSA and control sex distributions, due to subject exclusion after treatment. As expected, the OSA patients had a higher body mass index (BMI) than the control subjects. Hypertension was significantly more frequent in the OSA group (27% versus 7%), and type 2 diabetes mellitus was present in 10% of the OSA patients, but none of the control subjects. Although our exclusion criteria included no history of major cardiovascular disease or mental illness, small numbers of subjects reported prior use of cardiovascular medications and antidepressants (significantly more in the OSA group). Five subjects from each group had a prior history of smoking.
Neural Alterations: Lower FA in OSA
Lower FA values in OSA, compared with control subjects, appeared in multiple brain areas (listed in Table 2 ), and no regions showed greater FA in OSA over control subjects; age effects were controlled by inclusion of an age covariate. The caudal pons showed lower FA in the OSA group in a region containing cellular groups, the left middle cerebellar peduncle, and the left corticospinal tract (Figure 1) . The deep cerebellar nuclei were affected (Figure 2A) , as was the ventral lateral thalamus extending to the temporal cortex in regions adjacent to the amygdala and hippocampus ( Figure 2B) ; a small portion of the right column of the fornix showed lower FA ( Figure 2C ). Reduced integrity appeared in the left cerebral peduncle, within a medial region of the cerebral crus containing fibers from upper body areas (Figure 3) . A large area in the anterior cingulate gyrus showed lower FA, and included the cingulate cortex and cingulum bundle; an adjacent region of the corpus callosum was affected ( Figure 4 ). An area of the posterior cingulum bundle and surrounding posterior cingulate cortex also showed reduced FA ( Figure 5A ). White matter near the pole of the temporal lobe, in the inferior longitudinal fasciculus, was affected ( Figure 5B ). The bilateral internal capsule showed reduced integrity, as did white matter adjacent to the left anterior and right mid-insula ( Figure  5C ). Finally, regions in the parietal and frontal cortices showed lower FA, especially bilaterally in medial prefrontal areas and in ventral medial frontal cortex ( Figure 6 ). 
DISCUSSION
Overview
White matter is extensively altered in OSA patients. The affected regions include the internal capsule and ventral lateral thalamus with axonal connections to the nearby hippocampus and amygdala, and to the cerebral peduncle. Structural changes also appeared in the corticospinal tract, nearby pontine neurons, the middle cerebellar peduncle, and the cerebellar deep nuclei. In addition, a large area within the anterior cingulate cortex showed structural alterations, as did the underlying cingulum bundle and portions of the nearby corpus callosum. Finally, reduced axonal integrity was apparent in the ventral medial prefrontal cortex and other areas of frontal cortex. The nature of the pathology remains unclear, but likely includes demyelination, shrinkage of axons, and axonal loss, and possibly lesions due to small vessel damage.
Comparison with Previous Neuroimaging Findings
The structural changes appeared in regions previously shown to be functionally or anatomically affected in OSA, and in fiber pathways interconnecting those regions. The hippocampus, for example, earlier showed reduced volume 15, 16 and signs of injury 17 as well as abnormal responses to a number of challenges [9] [10] [11] ; in the present study, major hippocampal input (cingulum bundle) and output (fornix) pathways showed compromised integrity. The cingulum bundle also relays information to and from the cingulate cortex, a region that has shown gray matter loss 15 and functional changes. 7, [9] [10] [11] [12] [13] The parietal deep white matter shows both lower FA and metabolic changes, 18, 20 likely indicating fiber alterations in that area. Such changes could compromise relaying of sensory information, possibly contributing to the reduced sensitivity to mechanical stimuli in the upper airway of OSA patients. 41 A third region which shows differences in FA, gray matter volume, and function is the cerebellum, with FA reflecting structural changes primarily in the deep regions and peduncles, and gray matter volume reflecting tissue loss in the cerebellar cortex. Both deficits likely compromise cerebellar functions.
Changes identified by DTI are sensitive to different underlying pathologies, compared to earlier gray matter loss and spectroscopic findings. Whereas lower FA primarily represents axonal groups that are damaged, shrunken, or that have less myelin, reduced gray matter volume likely represents atrophy that is the end result of some injurious process, and spectroscopic changes represent a combination of cell death (specifically reduced cell density) and altered metabolic activity. We speculate that the large number of changes found in FA, relative to gray matter volume alterations, may result from the early stage of pathologic processes. These processes subsequently result in atrophy and cell death. However, this possibility can only be assessed with longitudinal studies.
Potential Mechanisms of Injury
At least some of the axonal alterations found in OSA likely result from the repeated intermittent hypoxia accompanying apneic events in the syndrome. Exposing animals to intermittent hypoxia to simulate conditions comparable to interrupted breathing events in OSA affects corpus callosal fibers, 24 and induces cellular injury in the hippocampus and anterior fornix, regions throughout the thalamus and basal forebrain, the brainstem, and frontal cortex, 24, 42 and in cerebellar Purkinje cells and deep nuclei. 23 The latter cerebellar damage may result from excitotoxic activation of climbing fibers to Purkinje neurons from the inferior olive. 43 Injury to Purkinje and deep nuclei cells would lead to axonal degeneration; fiber integrity, especially myelin integrity, depends on maintained cellular activity. 44 Similar processes may be operating in frontal cortex, insular, and hippocampal structures, 27, 45 and contribute to the structural changes found in OSA cases here.
The repeated deoxygenation/reoxygenation with apneic episodes leads to a number of potentially detrimental oxidative and inflammatory processes. Inflammatory markers are elevated in animal models 46 and human OSA subjects, 47, 48 and are associated with neurodegeneration. 49 Direct oxidative damage occurs across many brain regions in animal models of OSA. 24, 26 Axons may also be damaged by stress-related compounds associated with high baseline sympathetic tone or sleep deprivation in the syndrome. 48, 50 Over time, these effects could lead to the larger-scale changes found here.
Cerebral perfusion is chronically altered in OSA 51 and reduced during apneic events, 52,53 creating a potential for ischemic damage. A common comorbidity in OSA is hypertension, which is associated with small vessel disease and leads to tissue injury visible as white matter hyperintensities on T2-weighted MRI scans, 54 a finding in some OSA studies. 55 The damage likely includes a combination of axonal injury and gliosis, confirmed by the reduced metabolite ratios found with magnetic resonance spectroscopy. 18, 20 More recent studies show that DTI changes related to small vessel disease largely correspond to axonal changes, rather than gliosis. 56 The presence of small lesions would lead to reduced FA as observed in the OSA subjects here.
A final possibility is that a portion of the brain structural changes preceded the onset of OSA. Although the mechanisms of injury expected to be operating with OSA (above) offer evidence that sleep apnea will lead to neuronal injury, MRI techniques cannot readily distinguish the source or timing of these neural changes. Thus, we can only speculate whether some of the structural changes resulted from an early insult, or maldevelopment. Brain changes can develop in subjects early in the disorder, including pediatric OSA subjects 19 and recently diagnosed adult patients (present study), but the progressive nature of OSA means that by the time of diagnosis, most subjects have experienced months or years of the disorder. If prior injury is present, a further question is whether such alterations contribute to the onset of OSA, or to symptoms of the disorder.
Consequences for Behavior and Breathing
The affected structures have the potential to modify characteristics that are affected in OSA, including mood, cognition, and cardiovascular regulation, as well as breathing control. However, while damage to cells in, and fiber pathways between, structures likely affects performance, the present study does not address how or when such damage arose.
Cardiovascular regulation would likely be affected by damage to the anterior cingulate cortex, ventral medial prefrontal cortex, amygdala, and cerebellar deep nuclei; all these structures are implicated in cardiovascular control. [57] [58] [59] [60] [61] Coordination and control of upper airway breathing musculature will be affected by the compromised integrity of the corticospinal tract, middle cerebellar peduncle, and deep cerebellar nuclei. 62 The inadequate coordination of upper airway musculature with diaphragmatic action in OSA (suppression of upper airway musculature with diaphragmatic action when activation is required) likely results in part from deficits in a principal brain coordination area, the cerebellum, and the deep cerebellar nuclei, the output nuclei for the cerebellum, were found to be injured here.
The impaired cognitive performance shown by OSA patients may relate to structural changes in the anterior cingulate cortex and cingulum, hippocampus, fornix, cerebellum, and frontal cortex. 63 Damaged or reorganized fibers in frontal, cerebellar, and parietal regions have the potential to interfere with multiple cognitive and behavioral aspects, including planning, hyperactive behaviors and spatial learning 64, 65 ; deficits of this nature occur in OSA. 66, 67 Retention of cognitive deficiencies, even after therapeutic intervention for the breathing disorder, 5-7 is consistent with the presence of structural neural injury, which would not resolve from such ventilatory support.
Mood effects could stem from damage to limbic areas, i.e., the anterior cingulate and insula, and projections to the amygdala and hippocampus. 68 A number of axonal tracts interconnecting such structures were affected, including fibers of the fornix and the cingulum bundle; fibers in the ventral medial prefrontal cortex were also altered. The cingulum bundle sends projections to the hippocampus, insular cortex, and amygdala, and the fornix is a principal output path for the hippocampal formation. The affected limbic structures are instrumental in emotional expression. Fear and anxiety attributes depend on amygdala action, while insular regions are associated with dyspnea 69 and other emotional aspects. An area extending from the genu of the anterior cingulate to the ventral medial prefrontal cortex participates in regulation of mood. 60, 70 Abnormalities in these limbic structures may contribute to the high incidence of depression and other mood disorders in OSA. 71 These limbic structures also contribute substantially to autonomic regulation, affect, and memory processes through hypothalamic, brainstem and intermediate thalamic projections. The ventral medial prefrontal cortex modifies sympathetic outflow 60 as do portions of the cingulate cortex that send projections through the cingulum bundle. 57 The anterior insular cortex assists in baroreflex regulation, 61 and both the hippocampus and amygdala play a role in blood pressure control. 72 The structural changes likely compromise the normal function of these structures, contributing to the impaired autonomic control in OSA.
Most structures showed lowered FA bilaterally; however, in a number of areas, only unilateral changes appeared. We 15 and others 16 have earlier shown that neural alterations in OSA can appear principally on one side (e.g., hippocampus, anterior cingulate, frontal cortex). Lateralization of FA changes is of interest, since a one-sided expression suggests preferential perfusion deficits, a likely possibility considering the differential lateralization of the vascular supply to the brain.
Limitations
Limitations of this study include the restricted spatial resolution of the MRI technique and an inability to distinguish the precise nature of the abnormalities found. Spatial resolution is limited by both the MRI parameters and by the voxel-based group analysis, which requires normalizing each subject's brain volume to a common space. Because such normalization is not precise, the detected differences are only accurate to within a few millimeters, depending on the location within the brain and the extent of smoothing. Brainstem regions are more likely to be wellnormalized than neo-cortical regions. However, structures in the brainstem tend to be smaller; thus, the net sensitivity of the technique across brain regions is unclear. The finite resolution of the MRI scanner also results in partial volume effects, i.e., measurement of FA at each voxel is an "average" property of the large number of neurons and fibers within that voxel. Confounding partial volume effects are especially likely in some brainstem regions containing multiple cellular groups and crossing fibers. A further consideration is that DTI images are prone to distortion in certain brain areas, in particular the ventral frontal cortex above the orbit. The fieldmap correction that was applied compensates for geometric distortions, 34 but high signal variance in ventral frontal regions remains.
The interpretation of neural changes represented by lower FA has a number of limitations. Structural changes as measured by FA are influenced by a number of factors including sex, age, and small vessel disease. The control group had a higher proportion of females, which may have slightly reduced group differences since females tend to have lower FA than males. 73 Age also influences FA, with most brain regions showing decreasing structural integrity with increasing age in adults; 74 we did include age as a covariate in the statistical analysis, but such an approach only removes linearly related age influences. Finally, while we interpreted brain regions with lower FA as having reduced fiber integrity, we could not distinguish between reduced myelin and reduced numbers of axons; however, neural communication is affected in either circumstance.
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Conclusions
Patients with OSA showed loss of fiber integrity in brain regions associated with behavioral and physiological functions that are deficient in OSA. The deficits appeared in multiple regions, and possibly reflect damage resulting from a number of processes, including hypoxia, oxidative stress, chronic inflammation, small vessel disease, and local ischemia. The structural changes likely represent accumulated injury over sustained periods of time, and presumably would not be immediately resolved with conventional therapeutic interventions for OSA. The findings suggest that future treatment for OSA might consider neuroprotective interventions to prevent neural injury.
